Class III plant peroxidases (EC 1.11.1.7), which are encoded by multigenic families in land plants, are involved in several important physiological and developmental processes. Their varied functions are not yet clearly determined, but their characterization will certainly lead to a better understanding of plant growth, differentiation and interaction with the environment, and hence to many exciting applications. Since there is currently no central database for plant peroxidase sequences and many plant sequences are not deposited in the EMBL/GenBank/DDBJ repository or the UniProt KnowledgeBase, this prevents researchers from easily accessing all peroxidase sequences. Furthermore, gene expression data are poorly covered and annotations are inconsistent. In this rapidly moving field, there is a need for continual updating and correction of the peroxidase superfamily in plants. Moreover, consolidating information about peroxidases will allow for comparison of peroxidases between species and thus significantly help making correlations of function, structure or phylogeny. We report a new database (PeroxiBase) accessible through a web server (http://peroxidase.isb-sib.ch) with specific tools dedicated to facilitate query, classification and submission of peroxidase sequences. Recent developments in the field of plant peroxidase are also mentioned.
Introduction
Class III plant peroxidases (EC 1.11.1.7, donor:hydrogen-peroxide oxidoreductase) are present in all land plants (Table 1) . Genes encoding this enzyme family are particularly numerous in Angiosperms. The high number of isoenzymes and their remarkable catalytic versatility allow them to be involved in a broad range of physiological and developmental processes all along the plant life cycle (Passardi et al., 2005) . Plant peroxidases have been shown to be involved in the cross-linking of cell wall constituents, lignin polymerization, the catabolism of auxin -a hormone having a critical role in plant growth and development -and the formation of reactive oxygen species (superoxide, hydroxyl radical). They also play a prominent role in defence reactions against many pathogenic organisms. However, until now the in vivo functions of a particular peroxidase have not been reported. This knowledge is however crucial to understand the evolution, the roles and the regulations of this key multifunctional enzyme. Plant peroxidases are an example of a multigenic family whose number of members increased since the conquering of land by plants due to constant evolution. The Arabidopsis genome contains 73 genes encoding a peroxidase (Tognolli et al., 2002) and rice contains 138 (Passardi et al., 2004) . The homology between paralogs in a plant ranges from 30% to 100%, but very close orthologs exist, even between evolutionarily distant plants. All plant peroxidases contain invariant amino acids essential for their catalytic properties and for their proper folding (Welinder et al., 2002 proteins, like peroxidases from prokaryotes, fungi. The key amino acids that interact with heme are also found in hemoglobins and cytochromes. The broad molecular diversification of plant peroxidases mainly results from gene duplication events. Newly duplicated genes were likely conserved because they acquired new modes of expression, regulation (subfunctionalization) or novel functions (neofunctionalization). The automated annotation of the whole genomes of Arabidopsis (Arabidopsis Genome Initiative, 2000) and Oryza sativa (Goff et al., 2002; Yu et al., 2002) , the automated clustering and assembling of EST sequences, and numerous EST projects led to the identification of a large number of sequences coding for class III plant peroxidases. We decided to construct a database devoted to this large, multigenic family because in our experience automated processing sometimes yields sequences of poor quality. Specificity is compromised and BLAST searching often requires manual sorting. Using the highly conserved motifs of the class III peroxidases (Welinder, 1992) , manual annotation and editing can retrieve whole peroxidase sequences, that are unrecognized in automation due to poor quality sequences. Arabidopsis and rice are completely sequenced and are considered to be plant models, but they are not representative of plant diversity. The large number of EST projects developed with more diverse plants will provide a better overview of peroxidase evolution throughout green plants. The first goal of the PeroxiBase is to centralize most of the annotated and non-annotated class III peroxidase-encoding sequences and to make them publicly available, so that the research community has a unique tool for discovery, comparison, and exchange of peroxidase sequences. The second goal is to compile information concerning putative function and transcription regulation in order to facilitate cross-checking between close paralogs and orthologs. The final goal is to confirm the hypothesis that the number of class III isoforms increased after the emergence of the land plants.
Construction of the database
The database was constructed following two parallel procedures: one exhaustive and another more specific (Fig. 1) . Firstly, the plant/fungal/bacterial heme peroxidase proteins are characterized by the motif PEROXIDASE_4 (http://ca.expasy.org/cgi-bin/nicesite.pl? PS50873). Using this signature, systematic data mining with MyHits (Pagni et al., 2004 ) from different predicted protein databases (TrEST, TrGEN) (Pagni et al., 2001 ) provides a global view of the peroxidase encoding sequences. The resulting hits are already treated data (assembled and translated sequences) with the risk of automatic compilation and translation.
We have then used AtPrx42 and OsPrx73, two sequences potentially related to an ancestral sequence (Passardi et al., 2004) , for a second, more specific approach by scanning numerous public sources of plant ESTs and genome sequences in order to obtain a large collection of peroxidase-encoding sequences. For rare species, a tBLASTn was first performed against the NCBI whole database using limited queries for the date and for the organism. The Plant Genome Project (http://www.pgn.cornell.edu, 2004), Plant GDB (Dong et al., 2004) and Sputnik (Rudd, 2005) were used to complete the short sequences obtained from TIGR and to find new ones.
Each sequence obtained (assembly or singleton sequences) was individually translated and the presence of characteristic peroxidase motifs was verified using FingerPRINTScan and InterPro Scan softwares. Low quality sequences are not included in TIGR consensus sequences due to the high sequence stringency TIGR uses. Using peroxidase motifs as a guide, manual inspection of these poor quality sequences allows for increasing their length and assembling new sequences. All distinct sequences, even short ones, are kept in the database. We have also compared the UTR regions to confirm that sequences with high homology are truly distinct. In addition, as in numerous other genera, ESTs from Gossypium (cotton), Picea (spruce), Populus (poplar) have been assembled by TIGR. However, the sequences used for the construction of the contigs are treated as if derived from a single species although they originate from different species. For example, cotton is derived from Gossypium arboreum and hirsutum, spruce from a collection of Picea abies, Picea glauca and Picea sitchensis and poplar from a mix of Populus alba, Populus balsamifera, Populus euphratica, Populus kitakamiensis, Populus nigra, Populus tremula, Populus tremuloides, and Populus trichocarpa. The Sputnik database (http://sputnik.btk.fi/) helped us unscramble this mixture of sequences for Gossypium and Populus and Picea species. The other species have been assembled directly from the NCBI entries.
After analysis of sequence alignment within each species (ClustalW and BioEdit), the protein sequences were individually entered in the database with their corresponding accession numbers as well as various information concerning the putative functions and transcription regulation (localization, induction and repression).
Web interface
The PeroxiBase web interface includes four main modules. (i) Search: this module enables a text query from the entire dataset with keywords such as tissue type, accession number, inducer/repressor, and name of sequences and organisms. (ii) Organism: each organism possesses a link with its taxonomic identity. Information for the peroxidases present in each organism can be viewed independently. Each file contains a direct link to the corresponding database (NCBI, TIGR, PGN, Sputnik) and to Swiss-Prot and DNA sequences when these entries exist. In addition, numbers of ESTs, cellular localization and tissue type are all included. The three closest homologous sequences, with their corresponding score and E-value are also described in the files. (iii) BLAST: two BLAST searches can be performed against the whole peroxidase database (Altschul et al., 1997) , BLASTp for protein sequence and BLASTx for nucleotide sequences. The alignments are visualized and linked to the entry of each peroxidase. (iv) FingerPrintscan: this tool helps to find out which peroxidase family the sequence belongs to.
Three minor modules Tissue type, Inducers/repressors and Cellular localization are used as alternative ways of viewing sequences.
Modelization of the number of class III isoforms evolution
Class III peroxidase encoding sequences and peroxidase activity are both absent from the green alga Chlamydomonas reinhardtii (Passardi et al., 2004) . On the contrary, in various Chara species, guaiacol oxidation in the presence of H 2 O 2 , specific to class III peroxidase activity (Greppin et al., 1986) , can be detected (data not shown). The exhaustive data mining performed for the setup of the PeroxiBase confirms that the class III peroxidases are present in all land plants. For some species the total EST count is low (less than 1000), yet several independent isoforms were identified. In the case of large EST libraries (over 10,000), multigenic families with numerous putative class III peroxidases sequences can be found confirming previous results obtained with Arabidopsis and Oryza (Tognolli et al., 2002; Duroux and Welinder, 2003) . In addition, the case of Physcomitrella patens seems to further validate the hypothesis that the number of peroxidase encoding genes increases over evolution. With more than 100,000 EST and only 12 peroxidase encoding sequences, the number of peroxidases sequences for this moss is far below those from other organisms such as Arabidopsis.
A potential evolution of peroxidase gene numbers can be drawn up based on information concerning each species such as total EST count and number of unigenes with the following formula: (number of peroxidase encoding EST/ number of independent peroxidase encoding genes)/(number of total EST/number of unigenes). The value is proportional to the number of peroxidase genes in each species and gives information regarding the putative evolution of the peroxidase isoforms. Other completed genome sequencing and increasing EST sequences should confirm this hypothesis. Independently of the EST number, the size of the family seems also to follow a gradual increase from Charales (few isoforms) to the higher plants (numerous isoforms) confirming the previous hypothesis. The species can be classified in two major groups following the value of this ratio (Fig. 2) . Rosids, Asterids and Poales considered to be higher plants, show a high diversification rate value over 1. On the other hand, species issued from basal Gymnosperms, and from small Mono-and Dicotyledons orders such as Vitaceae, Saxifragales, Caryophyllales, and Ranunculales have values around 0.5 or smaller.
Current status and future developments
The first goal of the PeroxiBase was to develop an efficient tool for the study of the evolution of a plant multigenic family. We tried not to be exclusive and to include as many sequences as possible from different organisms. The base currently consists of a core dataset containing over 2000 complete or partial peroxidase-encoding sequences from 125 organisms (Table 1) , and it is still in constant evolution.
New peroxidase encoding sequences can be easily and directly added to the database by external people with individual user name and password. Continuous data mining will be performed until a putative complete analysis of the available sequences is achieved (EST and genomic sequences). At this point, a semi-automatic update will be set up to collect the peroxidase encoding sequences newly submitted to general databases (NCBI, Swiss-Prot). Information concerning the expression profile will also be updated and new features such as results of knock-out, knock-down or overexpression studies will be added when available.
The superfamily of plant, fungal and bacterial heme peroxidases contains class I (Cytochrome C peroxidase (EC 1.11.1.5), catalase peroxidase (EC 1.11.1.6) and ascorbate peroxidase (EC 1.11.1.11)), class II (lignin peroxidases (EC 1.11.1.14) and manganese peroxidases (EC 1.11.1.13)) and class III. The next update will include class I and class II peroxidases in the database. To our knowledge, the PeroxiBase will become the first repository devoted exclusively to a superfamily composed of multigenic families. The database could help to confirm the hypothesis that the three classes evolved from a single ancestral sequence (Zamocky, 2004) . Another major addition will be to relate the major lineages containing peroxidase-encoding sequences to a schematic evolutionary tree. Peroxidases may become key markers for the evolution of plants, from as early as the first moments of land colonization to the human impact on genetics of cultivated plants today. The varied functions of peroxidases will be characterized and lead to a better understanding of plant growth, differentiation and interaction with the environment, and eventually to many exciting applications. 
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